Activation of the extracellularly regulated kinase (ERK) pathway is part of the early biochemical events that follow lipopolysaccharide (LPS) treatment of macrophages or their infection by virulent and attenuated Salmonella strains. Phagocytosis as well as the secretion of invasion-associated proteins is dispensable for ERK activation by the pathogen. Furthermore, the pathways used by Salmonella and LPS to stimulate ERK are identical, suggesting that kinase activation might be solely mediated by LPS. Both stimuli activate ERK by a mechanism involving herbimycin-dependent tyrosine kinase(s) and phosphatidylinositol 3-kinase. Phospholipase D activation and stimulation of protein kinase C appear to be intermediates in this novel pathway of MEK/ERK activation.
Salmonellae are enteric pathogens that cause a variety of diseases, from localized gastroenteritis to more severe systemic, host-specific illnesses like typhoid fever. The ability to cross the intestinal epithelial barrier is an important determinant of Salmonella virulence and involves the entry into several cell types, including enterocytes, M cells, and macrophages. Several bacterial genes involved in internalization have been described (15) , some of which are necessary for the uptake into epithelial cells as well as into phagocytic cells (4) .
Among the most stimulating new developments in this area is the discovery of a host cell-stimulated bacterial protein secretion system (type III secretion system), necessary for the export and, in some cases, translocation of bacterial proteins into the host cells (reviewed in reference 8). The genes coding for the proteins involved in type III secretion are present in a number of distantly related gram-negative pathogens such as Yersinia, Shigella, and Salmonella as well as Pseudomonas, Xanthomonas, and Erwinia, a plant pathogen. In Salmonella, type III secretion genes are clustered in regions, called Salmonella pathogenicity islands (SPIs), at centisomes 63 (SPI-1) and 31 (SPI-2) on the chromosome (reviewed in reference 17).
The bacterial proteins delivered to the host cell via the type III secretion system trigger signal transduction pathways, leading to a variety of responses (12) . Among the components of signal-transducing pathways activated during infection are mitogen-activated protein kinases (MAPKs) and phospholipase C-␥ (34) . Salmonella-induced membrane ruffling and cytoskeletal rearrangements (15) are a prerequisite for invasion of epithelial cells, and they have been shown to be mediated by the small GTPase Cdc42 (6) but not by Ras or Rho (23) .
For Salmonella, as well as for many other facultative intracellular pathogens, the key to a successful infection lies in the outcome of their encounter with the host's macrophages. Still, much less is known about the molecular mechanisms operating during the interaction of Salmonella typhimurium with macrophages than about the signaling events taking place during epithelial cell invasion. In this study, we focus on the signal transduction events that follow the encounter of the microbe with the macrophage, in particular on the mechanism of activation of the extracellularly regulated kinase (ERK) pathway (for a review, see reference 41) .
Cytosolic serine/threonine kinase cascades can be activated by extracellular stimuli as diverse as growth and differentiation factors, inflammatory cytokines, apoptotic stimuli, and cellular stresses in general. Thus, multiple sensors can couple to these intracellular signal transducers. Relevant to this study, ERK can be activated in macrophages by bacterial lipopolysaccharide (LPS) (5, 28, 36, 39, 48) as well as by the gram-negative Yersinia enterocolitica (38) . In cultured epithelial cells, ERK activation is stimulated by invasive S. typhimurium (20) and during the attachment of the gram-positive bacterium Listeria monocytogenes (45) . ERK also appears to play a role in phagocytosis (46) and intramacrophage survival of the latter pathogen (26) . However, little is known about the mechanisms mediating ERK stimulation in these situations.
The focus of this study was to dissect the signaling events that follow the encounter of S. typhimurium with macrophages and to compare them with those taking place upon stimulation of these cells with LPS. We show that MAPK kinase (MEK) and ERK are activated in the very early stages of LPS stimulation and of macrophage infection by virulent Salmonella. Pathogen-induced activation is entirely phagocytosis independent and is mediated by a novel mechanism involving phosphatidylinositol 3-kinase (PI 3-K), phospholipase D (PLD), and protein kinase C (PKC) as intermediates. We detected no differences in the pathways mediating ERK activation by live bacteria and LPS alone. Therefore, this surface molecule may be the only component triggering stimulation of ERK by Salmonella.
MATERIALS AND METHODS
Bacteria. S. typhimurium LT2 (virulent, wild type) was grown in Luria-Bertani broth (1% Bacto Tryptone, 0.5% yeast extract, 1% sodium chloride) at 37°C overnight under agitation.
Cell culture, infection, and stimulation. BAC-1.2F5 cells (31) were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum and 20% L-cell conditioned medium as a source of colony-stimulating factor 1 (CSF-1).
Confluent cells (about 5 ϫ 10 6 cells per 100-mm-diameter tissue culture dish) were cultured for 16 h in medium without CSF-1 and then either stimulated with 1.5 g of S. typhimurium LPS (Sigma, Vienna, Austria) per ml or infected with bacterial cultures. A multiplicity of infection (MOI [bacteria per macrophage]) of 25 was used. After infection with Salmonella, plates were centrifuged 5 min at 300 ϫ g to synchronize the infection.
In selected experiments, actin polymerization was blocked by pretreatment with 10 M cytochalasin B (30 min; Sigma). Tyrosine kinases were inhibited by pretreatment with herbimycin A (1 g/ml, 4 h; Sigma). Activation of PI 3-K was blocked by pretreatment with wortmannin (100 nM, 20 min; Sigma). Inhibition of the Rho family of small GTPases (RhoA, Rac1, and Cdc42) was performed by a 60-min preincubation with toxin B (from Clostridium difficile [1] ) at a final concentration of 10 or 100 ng/ml, as indicated. Inhibition of phosphatidylcholine (PC)-PLC activity was determined by preincubating the cells for 60 min with 10 or 180 M xanthogenate tricyclodecan-9-yl (D609; Alexis Biochemicals, Laufelfingen, Switzerland). PLD was inhibited by the addition of 1% 1-butanol to the cells at the time of infection or stimulation with LPS. The phosphatidic acid (PA) phosphohydrolase was inhibited by pretreating the macrophages with propranolol (250 M, 10 min; Sigma). PKC was inhibited by treating the cells with 10 M bisindoleylmaleimide (BIM; Calbiochem, San Diego, Calif.) for 60 min prior to stimulation (5) . Furthermore, in selected experiments, down-modulation of PKC was performed by treating cultures with 5 M tetradecanoylphorbol 13-acetate (TPA; Sigma) in dimethyl sulfoxide (14 mM, final concentration; Sigma) for 24 h. Dimethyl sulfoxide alone had no effect on the phosphorylation state of the kinases (data not shown). MEK activation was inhibited by 60-min pretreatment with 50 M PD98059 (Calbiochem).
Phagocytosis assay. Colony counting assays were performed to assess phagocytosis of S. typhimurium. Briefly, cells (0.05 ϫ 10 6 ) were seeded in 96-well plates and infected (multiplicity of infection [MOI] of 25). Cells were allowed to phagocytose for 30 min and then washed three times with phosphate-buffered saline (PBS). Fresh medium containing 50 g of gentamicin per ml was added and the cells were incubated for an additional 60 min to kill residual extracellular bacteria. Thereafter, cells were lysed in PBS supplemented with 0.5% sodium deoxycholate. Serial dilutions of the lysates were prepared in PBS and plated onto LB agar plates. Colonies were allowed to develop for 18 h before counting. Assays were carried out in triplicate.
Cell lysis and Western blotting. Cells were lysed in solubilization buffer (10 mM Tris base, 50 mM sodium chloride, 30 mM sodium pyrophosphate, 50 mM sodium fluoride, 1% Triton X-100 [pH 7.0]) supplemented with 1 mM phenylmethylsulfonyl fluoride, 100 M sodium vanadate, 1 mM dithiothreitol, and protease inhibitors (aprotinin [3 g/ml], pepstatin [0.5 g/ml], and leupeptin [0.5 g/ml]). For immunoblotting, 30 to 40 g of whole-cell lysates was separated by sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis and transferred onto nitrocellulose membranes. After blocking (8 to 16 h at 4°C in TTBS (10 mM Tris-HCl [pH 8.0] 150 mM NaCl, 0.1% Tween 20) supplemented with 4% bovine serum albumin (fraction V; Sigma), the membranes were probed with the appropriate primary antibodies diluted in 1% bovine serum albumin in TTBS prior to incubation with peroxidase-conjugated secondary antibodies and detection by an enhanced chemiluminescence system (Pierce, Rockford, Ill.). The primary antibodies used in this study recognized ERK1/2 and MEK1/2 (Transduction Laboratories, Lexington, Ky.) or their phosphorylated forms selectively (antipERK Tyr204 and anti-pMEK Ser271/222; New England BioLabs, Schwalbach, Germany).
In-gel kinase assay. Five to 15 g of whole-cell lysates was separated on 10% polyacrylamide gels containing 0.2 mg of myelin basic protein (MBP; Sigma) per ml as a substrate for ERK1/2. After electrophoresis, the gels were denatured in 6 M guanidine hydrochloride, renatured, and assayed for kinase activity as described previously (5).
RESULTS

Wortmannin-sensitive activation of MEK/ERK is an early event in
Salmonella-and LPS-induced signal transduction. Quiescent BAC-1.2F5 cells were infected with Salmonella or stimulated with LPS for different time periods. The activation state of the kinases was assessed in whole-cell lysates by immunoblotting with antibodies that specifically recognize the phosphorylated, activated form of each enzyme (Fig. 1 ). All kinases were activated by Salmonella infection of BAC-1.2F5 cells with activation/inactivation kinetics comparable to those induced by LPS. For both stimuli, peak activation occurred after 25 min (Fig. 1 , lanes 4 and 8) and then decayed. Inactivation was complete by 1 h, and no further changes were observed over a period of 4 h (data not shown). The antipMEK antibody recognized the activated forms of both MEK1 and MEK2, which appear as a doublet particularly well discernible on shorter exposures of the membrane (Fig. 1 , upper panel). In this experiment, the amounts of ERK1 and ERK2 phosphorylated following LPS stimulation or infection with Salmonella appeared to be comparable. In general, however, the pERK1 band was stronger than the pERK2 one, albeit to different degrees ( Fig. 2 and 4 to 6 ). The kinetics of Salmonella-and LPS-induced ERK activation were confirmed by in-gel kinase assays using MBP as a substrate (data not shown).
The time frame investigated (5 to 45 min) allows phagocytosis of Salmonella by the macrophages. We therefore examined whether phagocytosis per se would be able to activate the ERK pathway. Phagocytosis of latex beads of the approximate size of the bacteria stimulated none of the kinases studied (data not shown). However, the mechanisms involved in the phagocytosis of bacteria might differ from those involved in the phagocytosis of inert particles. In support of this possibility, both heat-killed Salmonella and E. coli K-12 triggered kinase activation (data not shown).
We therefore analyzed the effects of inhibitors of specific signal transduction pathways on Salmonella phagocytosis. As a positive control for inhibition of phagocytosis, we used cytochalasin B, which destroyed the actin cytoskeleton and totally abrogated phagocytosis (Table 1) . Toxin B, which glucosylates and inactivates the small GTPases Cdc42, Rac and Rho (1), completely inhibited phagocytosis at a concentration of 100 ng/ml, while 10 ng/ml reduced it to 50 to 60% (Table 1) ; the PI 3-K inhibitor wortmannin, which blocks epithelial cell invasion by L. monocytogenes but not by Salmonella (21), also fully blocked phagocytosis (Table 1) .
We next tested the effect of Salmonella infection on the ERK pathway in macrophages pretreated with the phagocytosis inhibitors (Fig. 2) . LPS stimulation was used as a control, to Macrophages were infected with Salmonella (MOI of 25). Phagocytosis was assessed as described in Materials and Methods. Untreated macrophages phagocytosed 55% (Ϯ 11) of the original inoculum. The phagocytic activity of untreated macrophages was set as 100%.
assess whether the differences observed were related to phagocytosis inhibition or rather to the blockage of the corresponding signal transduction pathway.
Pretreatment with cytochalasin B (Fig. 2A) did not suppress LPS-or Salmonella-mediated activation of ERK. Toxin B treatment did not alter the stimulation of MEK1/ERK by LPS treatment or by infection (Fig. 2B) . Notably, though, toxin B selectively suppressed the LPS-or Salmonella-mediated phosphorylation of MEK2, suggesting that MEK1 and MEK2 are regulated independently and that full activation of the ERK in this situation can be sustained by MEK1 alone (Fig. 2B) . Wortmannin, on the other hand, severely blunted Salmonella-and LPS-stimulated activation of MEK/ERK (Fig. 2C) . The effects of wortmannin on LPS-and Salmonella-induced MEK and ERK activation were specific, since the drug failed to inhibit activation of these kinases by the macrophage-specific growth factor CSF-1 (22) . These data indicate that phagocytosis and ERK activation by Salmonella are independent events and that PI 3-K is involved in both. PI 3-K also played a role in LPSmediated ERK stimulation. Together with the fact that phagocytosis is dispensable for the stimulation of ERK by Salmonella, these data suggested that LPS played a major role in kinase stimulation by live bacteria. To investigate this possibility further, we directly compared the contribution of different signaling pathways to ERK activation by either stimulus.
The tyrosine kinase inhibitor herbimycin A decreases Salmonella-and LPS-mediated ERK activation. Herbimycin-dependent kinases have previously been implicated in the activation of PI 3-K (19) and ERK (36) by LPS in monocytes. To investigate whether this mechanism played a role in ERK activation by Salmonella, we treated BAC-1.2F5 cells with herbimycin A (1 g/ml) for 4 h before infection or LPS stimulation. LPS-and Salmonella-mediated MEK and ERK activation was efficiently reduced by herbimycin A (Fig. 3) . The effect of herbimycin A on ERK activation was specific, since other signaling pathways initiated by Salmonella were unaffected by pretreatment with the drug (35) .
Phospholipase inhibitors affect Salmonella-and LPS-mediated activation of the ERK pathway. PC-PLC is activated in macrophages by mitogenic signals (49) and by inflammatory cytokines (40) . Furthermore, the PC-PLC inhibitor D609 decreases LPS-mediated stimulation of Raf, MEK, and ERK (5). To investigate whether phospholipase activation was important for the stimulation of ERK by Salmonella, we treated quiescent BAC-1.2F5 cells with D609 prior to either infection or LPS stimulation of the cells.
D609 pretreatment (180 M, 60 min) reduced the Salmonella-and LPS-mediated MEK/ERK activation significantly, consistent with our previous report (5) (Fig. 4 ; compare lanes 2 and 3 and lanes 4 and 5). At the concentration used, however, D609 might also partially inhibit PLD (16) . Importantly, the activation of PLD by LPS in monocytes has been reported previously (32) .
To distinguish between PC-PLC and PLD inhibition, we used a much lower concentration of D609 (10 M) which inhibits specifically PC-PLC (Fig. 4) . Furthermore, we stimulated or infected the cells in the presence of 1% 1-butanol to block PLD (Fig. 4) . At this concentration, 1-butanol efficiently competes with the endogenous PLD substrates (7) .
Neither of the inhibitors had any effect on the basal level of kinase activation (data not shown). Low concentrations of D609 did not inhibit MEK/ERK stimulation by LPS and Sal- Fig. 4 ; compare lanes 7 and 8 with lanes 9 and 10); 1-butanol, in contrast, completely abrogated MEK/ERK activation by either stimulus. As a control for the specificity of inhibition, we tested the effect of 1-butanol on the activation of the related JNKs. These kinases are reportedly activated by LPS stimulation of macrophages. Infection with Salmonella as well as LPS treatment stimulated JNK phosphorylation in BAC-1.2F5 cells, and in neither case was the stimulation affected by 1-butanol pretreatment (data not shown). Thus, PLD but not PC-PLC plays a major role in MEK/ERK activation selectively.
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PKC is involved in Salmonella-and LPS-mediated activation of the ERK pathway. BAC-1.2F5 cells express the PKC isoforms ␦, ε, and , and LPS reportedly increases PKC activation of both diacylglycerol (DAG)-dependent and -independent PKC species in monocytes (28) . To determine whether PKC isoenzymes were involved in kinase activation by Salmonella and LPS, BAC-1.2F5 cells were treated with the PKC inhibitor BIM prior to stimulation with Salmonella or LPS. BIM inhibited MEK/ERK activation by either Salmonella or LPS (Fig.  5A) .
DAG-dependent PKCs would be the natural targets of the DAG generated by PLD, and they are necessary for LPSmediated MEK/ERK activation (5) . To test whether DAGdependent PKC isoforms were also required for Salmonellamediated MEK/ERK activation, we down-regulated these enzymes by pretreating BAC-1.2F5 cells with TPA for 24 h. MEK/ERK activation in response to both LPS and Salmonella was impaired in TPA-treated cells. As a control for PKC depletion, TPA-treated cells were unable to activate MEK and ERK when restimulated with the phorbol ester for a short time period (Fig. 5B) .
Together with the experiment shown in Fig. 4 , the experiments shown in Fig. 5A and B strongly suggest that DAG generated via the PLD-PA phosphohydrolase pathway is needed for the activation of the MEK/ERK pathway via PKC. We tested this hypothesis by pretreating BAC-1.2F5 with the PA phosphohydrolase inhibitor propanolol. Propanolol pretreatment (250 M, 10 min) completely blocked MEK/ERK activation by both LPS and Salmonella. This experiment clearly identifies DAG generated by the PLD-PA phosphohydrolase pathway as the second messenger lipid necessary for ERK activation in our system.
The MEK phosphorylation inhibitor PD98059 does not block phagocytosis. The results reported above show that PI 3-K inhibition blocks both Salmonella phagocytosis and ERK activation. ERK activation by Salmonella is, however, phagocytosis independent. MEK/ERK activation has recently been implicated in epithelial cell invasion by L. monocytogenes. To investigate whether this signal transduction pathway played a role in Salmonella phagocytosis by BAC-1.2F5 cells, we pretreated the macrophages with PD98059, a specific inhibitor of MEK phosphorylation (2). PD98059 efficiently blocked MEK and ERK phosphorylation stimulated by either LPS or Salmonella (Fig. 6B) . In contrast to wortmannin, which blocks ERK activation, PD98059 did not affect the ability of BAC-1.2F5 cells to phagocytose the bacteria (Fig. 6A) . Thus, Salmonella phagocytosis and ERK activation are entirely independent phenomena.
DISCUSSION
Salmonellosis is one of the emerging bacterial diseases, and the number of cases has been increasing steadily in the past few years. Although the interaction of the bacterium with the host's macrophages is a key event in the early phases of infection, little is known about the signaling events taking place during the interaction of this pathogen with macrophages.
In this study, we compared the mechanisms of activation of the ERK pathway by S. typhimurium and by soluble LPS. We find that both inflammatory stimuli activate ERK by identical pathways involving PI 3-K and PLD as novel intermediates. Our results further imply that LPS is very likely responsible for ERK stimulation by Salmonella.
Phagocytosis-independent ERK activation is part of the early biochemical response to LPS and Salmonella. MEK and ERK were phosphorylated and activated in response to LPS treatment or Salmonella infection of BAC-1.2F5 macrophages. The kinetics of activation of the kinases were identical and peaked 25 min after infection (Fig. 1) . Salmonella engendered activation kinetics slightly faster than LPS stimulation. This led us to test whether phagocytosis played a role in kinase activation. This seemed particularly likely in view of the fact that a significant portion of the ERKs are associated with the cytoskeleton (37) .
Cytochalasin B, toxin B, and wortmannin completely inhibited phagocytosis of Salmonella. This is in agreement with previous observations indicating that Rho family GTPases and PI 3-K are necessary for these processes (3, 9, 18, 33) .
Neither cytochalasin B nor toxin B had any effect on ERK activation in response to Salmonella or LPS. Wortmannin, in contrast, significantly reduced activation of ERK by both stimuli, indicating that this effect was not secondary to phagocytosis inhibition. We therefore concluded that phagocytosis is not necessary for kinase activation by the bacterium (Fig. 2) .
A wortmannin-sensitive pathway mediates the stimulation of MEK/ERK by LPS and Salmonella. Induction of phosphorylation and activation of herbimycin A-sensitive kinases by LPS in macrophages has been reported previously (43, 48) . More precisely, these kinases have been implicated in PI 3-K (19) and ERK (36) activation by LPS in these cells. Herbimycin A and wortmannin completely blocked LPS-and Salmonella-mediated activation of MEK/ERK (Fig. 2 and 4) . Inhibition of PI 3-K by wortmannin has been reported to prevent ERK activation by G-protein-coupled receptors (reviewed in reference 44), by integrins (25) , by the platelet-derived growth factor (10, 30) and insulin (13) receptor tyrosine kinases, and by the receptors for interleukin-2 (24) and alpha interferon (47) . Little, however, is known about the signaling events occurring between PI 3-K activation and ERK activation in these pathways. Among the PI 3-K downstream targets are the protein kinases PKB and p70 S6K (reviewed in reference 11); furthermore, PI 3-K participates in the activation of PKC isoenzymes ␣, ␤, ␦, ε, and (reviewed in reference 11). In particular, DAG-dependent PKC isoforms become activated as a result of PI 3-Kmediated stimulation of PLD-dependent phosphatidylcholine hydrolysis (42) . Both PLD (32) and PKC (28) are activated by stimulation of monocytes with LPS. In our case, the PLD inhibitor 1-butanol and the PA phosphohydrolase inhibitor propanolol abrogate stimulation of MEK/ERK by LPS and Salmonella (Fig. 4 and 5C ). These experiments show that DAG generated by the PLD-PA phosphohydrolase pathway, and not PLD-derived PA, is the second messenger lipid needed in ERK activation. Furthermore, both the PKC inhibitor BIM and TPA-mediated down-regulation of PKC blocked MEK/ ERK activation by LPS (5) and Salmonella ( Fig. 5A and B) . These results (Fig. 4 and 5) suggest that DAG-sensitive PKC isoenzyme(s) activated in a PLD-dependent manner function downstream of PI 3-K in LPS-and Salmonella-mediated stimulation of the MEK/ERK module. Such a pathway would resemble the one described previously by Staendaert et al. (42) .
It should be noted, however, that the existence of a PKCdependent pathway of PLD activation has been postulated in LPS-treated monocytes (32) . The PKC isoforms involved were Ca 2ϩ -dependent, DAG-dependent enzymes, which are not expressed in BAC-1.2F5 cells. Furthermore, for this mechanism to function in our cells, we would have to postulate either that LPS stimulates DAG generation involving different phospholipases or that the enzymes upstream of PLD are DAG independent. We cannot formally exclude that such a pathway is operating in our system; however, we currently favor the working model depicted in Fig. 7 .
At present, we have no data about the identity of the downstream targets of PKC activity. A role for Raf-1 in MEK/ERK activation seems unlikely, since LPS-mediated activation of (19, 28, 32) . The nature of the intermediates laying between PKC and MEK is unknown. This scheme represents the working hypothesis that we currently favor. Alternative models are possible and are discussed in the text. Solid arrows, steps in the pathway for which experimental evidence is provided in the paper; dashed arrows, speculative steps in the pathway.
these kinases has been shown to be Raf-1 independent in BAC-1.2F5 cells (5) .
PI 3-K (3) and PLD (27) have been implicated in the process of phagocytosis. However, the MEK phosphorylation inhibitor PD98059, which abrogates MEK/ERK activation by LPS and Salmonella, had no effect on phagocytosis. These results indicate that the signal transduction pathways leading to phagocytosis and to MEK/ERK activation diverge downstream of PI 3-K and PLD activation. This is in contrast with the situation in epithelial cell invasion by L. monocytogenes, which requires both PI 3-K (21) and MEK/ERK activation (46) .
The identical effects of all the inhibitors tested on ERK stimulation by Salmonella and LPS strongly suggest that the latter molecule by itself may be responsible for kinase activation by the live bacteria.
The data reported here extend our understanding of LPS and Salmonella signal transduction and show for the first time that a pathway comprising PI 3-K, PLD, and PKC leads to ERK activation as part of the response of macrophages to these inflammatory stimuli.
